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Nessa dissertação foi avaliada a função sistólica longitudinal do ventrículo 
esquerdo em cães saudáveis e em cães com doença valvar mitral por meio do 
deslocamento tecidual do anel mitral (TMAD) e Strain Longitudinal Global (GLS). O 
TMAD é uma técnica de ecocardiografia baseada em Speckle Tracking que avalia a 
competência das fibras miocárdicas longitudinais por meio do deslocamento do 
anulo mitral em direção ao ápice durante a sístole ventricular. Para tanto, esse 
trabalho foi subdividido em introdução e dois capítulos. O primeiro capítulo 
investigou a utilização do TMAD como método diagnóstico da função longitudinal em 
cães saudáveis. Para isso, foram avaliados 153 cães de diversas raças, pesos e 
idades. Os resultados mostraram que o TMAD é uma excelente técnica para 
avaliação da função longitudinal em cães, com correlação com diversas variáveis de 
função sistólica obtidas pela ecocardiografia convencional e com o GLS, além de ser 
rapidamente executado e com baixa variabilidade intra e interobservador. No 
segundo capítulo, foram recrutados 126 cães em diversos estágios da doença valvar 
mitral e 46 cães saudáveis como grupo controle, a fim de comparar e avaliar o 
comportamento da função sistólica longitudinal durante a evolução da doença para 
quadros de insuficiência cardíaca. Os resultados mostraram que não houve 
disfunção sistólica longitudinal evidente com a progressão da doença valvar mitral, 
visto que os valores de TMAD foram maiores nos estágios B2 e no grupo 
sintomático que no grupo controle e no estágio B1 da referida afecção cardíaca. O 
TMAD e o GLS apresentaram boa repetibilidade e se correlacionaram com diversos 
parâmetros ecocardiográficos, como AE/Ao, diâmetro interno do ventrículo esquerdo 
em sístole e diástole, onda E mitral e relação E/TRIV, sugerindo que essas técnicas 
são influenciadas por pré e pós carga. O TMAD é uma técnica mais rápida para ser 
realizada e pode ser uma alternativa ao GLS para avaliar a função sistólica 
longitudinal em cães saudáveis e em cães com doença valvar mitral. 
 
 








In this dissertation tissue motion annular displacement (TMAD) and global 
longitudinal strain (GLS) were used to assess the left ventricular longitudinal systolic 
function in healthy dogs and in dogs with mitral valve disease. TMAD is an 
echocardiography technique based on Speckle Tracking that evaluates the 
competence of the longitudinal myocardial fibers by displacement of the mitral 
annulus toward the apex during ventricular systole. This dissertation is subdivided in 
introduction and two chapters. The first chapter investigated the use of TMAD as a 
diagnostic method for evaluation of longitudinal function in healthy dogs. For this, 153 
dogs of different breeds, varying body weights and ages were recruited. TMAD was 
demonstrated to be an excellent technique for the evaluation of longitudinal function 
in dogs. It correlated with GLS and with several surrogates of systolic function 
obtained by conventional echocardiography. Also, it was quickly obtained and had a 
low intra- and inter-observer variability. In the second chapter, 126 dogs at various 
stages of mitral valve disease and 46 healthy dogs as a control group were enrolled 
in order to compare and evaluate the behavior of longitudinal systolic function along 
the progression of mitral valve disease to a heart failure status. The results showed 
no evident longitudinal systolic dysfunction as the disease progressed.  TMAD was 
higher in stage B2 and in the symptomatic dogs as compared to stage B1 and control 
groups. TMAD and GLS had a good repeatability and correlated with several 
echocardiographic parameters, such as LA/Ao, left ventricular internal diameter in 
systole and diastole, mitral E wave and E/IVRT, suggesting that changes in preload 
and afterload play a role in such parameters. TMAD is a faster technique to perform 
and may be an alternative to GLS to assess longitudinal systolic function in healthy 
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Left ventricular systolic function is one of the main parameters evaluated by 
conventional echocardiography (Atkins et al., 1992). The heart is composed by 
myocardial fibers oriented longitudinally and circumferentially and the joint efficiency 
of these fibers is one of the main intrinsic factors to determine systolic function 
(Sengupta et al., 2006). 
The contraction of the longitudinal fibers promotes the shortening of the heart 
in the longitudinal direction (apex-base), while the circumferential fibers in the 
transverse direction (Sengupta et al., 2006). Routinely, left ventricular function is 
assessed in conventional transthoracic echocardiography by measures such as 
shortening fraction and ejection fraction, obtained in the short axis by M-mode 
(Bonagura and Schouber, 2009). However, by the fact to obtain these parameters in 
the short axis are evaluated essentially the circumferential fibers and consequently 
the longitudinal fibers are poorly explored in routine examination (Jones et al., 1990). 
Another important factor is that these parameters are highly affected by load changes 
and poorly correlated with invasive methods of volume assessment, especially in 
animals with heart disease (Atkins 1992; Bonagura and Schober, 2009). 
Studies have shown that longitudinal myocardial fibers may be previously 
affected to circumferential fibers in the development of systolic dysfunction 
(Mizuguchi et al., 2008; Chetboul and Tissier, 2012). In addition, the circumferential 
fibers can increase their contractile competence and compensate the longitudinal 
deficit, keeping the volumetric indexes within normality (Mizuguchi et al., 2008). This 
demonstrates the importance of long axis evaluation, which can provide an early 
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diagnosis of systolic dysfunction (Jones et al., 1990, Suzuki et al., 2012, Fente et al., 
2017).  
Mitral valve disease (MVD), also known as endocardiosis or canine 
degenerative myxomatous mitral valve disease, is the main acquired heart disease of 
dogs, mainly affecting small to medium-sized animals with etiology not yet fully 
understood (Atkins et al., 2009). Studies have suggested that this may be a disease 
with polygenic inheritance (Meurs et al, 2010), resulting in a continuous deposition of 
glycosaminoglycans in valvular leaflets and chordae tendineae (Freed et al., 2002).  
The American College of Veterinary Internal Medicine (ACVIM) classified MVD 
in five stages, stage A being the healthy animals (without cardiac murmur) but with 
high risk for the development of the disease. Asymptomatic animals are classified in 
stage B1 when abstinent from cardiac remodeling and B2 when present a cardiac 
enlargement diagnosed by echocardiography or radiography. In contrast, animals 
with clinical signs of heart failure responding to conventional medication are 
classified in stage C. Finally, stage D consists of animals in the terminal phase of the 
disease and refractory to therapy (Atkins et al., 2009).  
Although it is a valve disease, MVD may culminate in myocardial changes, 
such as fibrosis, and consequently compromise systolic function (Falk et al., 2006; 
Borgarelli et al., 2007). Myocardial dysfunction in MVD appears to be already present 
in the initial phase of the disease (Urabe et al., 1992). However, some studies show 
that the contractile deficit occurs mainly in the more advanced stages, when there is 
the development of congestive heart failure (Borgarelli et al., 2007; Chetboul and 
Tissier, 2012). A study of 74 dogs with mitral disease showed that in the later stages 
of the disease, the animals presented lower values of longitudinal myocardial 
deformation than healthy animals, whereas there was no difference in the radial 
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deformation between these two groups. This shows that longitudinal function may be 
affected primarily in MVD (Chetboul and Tissier, 2012).  
The contraction of the longitudinal myocardial fibers promotes a displacement 
of the mitral annulus towards the apex during systole. The amplitude of this 
displacement can be assessed by M-mode on conventional echocardiography by 
mitral annulus motion (MAM), also called mitral annular plane systolic excursion 
(MAPSE). This technique has already been used to determine longitudinal function in 
healthy dogs and in dogs with MVD (Schober e Fuentes, 2009; Sousa et al., 2016). 
Recent human studies have evaluated this displacement of the mitral annulus by a 
Speckle tracking echocardiography (STE) method, denominated Tissue Motion 
Annular Displascement (TMAD). The TMAD is a technique performed offline in apical 
images previously obtained, in which the operator determines 3 regions of interest 
(ROIs), being: 2 of them in the mitral annulus and one in the epicardial region of the 
left ventricle. After the definition of the ROIs, the software automatically provides the 
displacement of the ROIs of the mitral annulus towards the ROI at the apex of the left 
ventricle, being an effective method of evaluation of the longitudinal function (Buss et 
al., 2012; Suzuki et al., 2012), which for the knowledge of the authors has never 
been evaluated in dogs. 
Others echocardiographic techniques of STE, as Strain and Strain rate also 
allow the evaluation of longitudinal function, because they provide the percentage of 
myocardial deformation (Strain) and the velocity of this deformation (Strain rate), 
which have already been studied in healthy dogs (Chetboul et al., 2006; Wess et al., 
2011; Westrup and McEvoy, 2013) and in dogs with MVD (Zois et al., 2012; Suzuki 
et al., 2013 , Mantovani et al., 2015).  
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This dissertation is subdivided into two chapters, in which the first 
demonstrates a longitudinal systolic function study using TMAD and Global 
Longitudinal Strain (GLS) in 153 healthy dogs. From the authors' knowledge, TMAD 
had never been studied in dogs, so this first chapter aims to evaluate the use of 
TMAD in a heterogeneous group of healthy dogs and to correlate it with conventional 
echocardiography and GLS, which is an effective method to evaluate longitudinal 
function in dogs (Chetboul et al., 2006; Wess et al., 2011; Westrup and McEvoy, 
2013). 
With satisfactory results of the use of TMAD as diagnostic method in healthy 
dogs discussed in chapter 1, we developed a second study (Chapter 2) to evaluate 
TMAD in dogs with MVD. For this, 126 dogs with mitral valve disease in several 
stages were submitted to conventional and STE (GLS and TMAD) in order to 
evaluate the behavior of longitudinal systolic function and the use of TMAD as a 
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Abstract  
Introduction: Left ventricular systolic function is one of the main parameters studied in 
echocardiography. Longitudinal systolic function, however, is less commonly 
evaluated in routine examinations but may provide early information on systolic 
dysfunction. The movement of the mitral annulus toward the apex during systole has 
already been determined as a method for evaluation of longitudinal systolic function 
in dogs, but the study of this movement by Speckle tracking with the TMAD 
technique has not yet been evaluated.  
Animals: One hundred fifty-three client-owned healthy dogs. 
Methods: Cross-sectional study. One hundred fifty-three client-owned healthy dogs 
underwent physical examination, electrocardiography, blood pressure measurement, 
as well as a standard and speckle tracking echocardiography. Systolic function was 
evaluated by Global Longitudinal Strain (GLS) and TMAD. These parameters were 




Results: A correlation was found between GLS, TMAD and body weight. Tissue 
motion annular displacement and GLS were significantly correlated (P<0.001) with 
other surrogates of systolic function, including ejection fraction and shortening 
fraction. There were no significant differences in TMAD between sexes. The 
coefficient of variation of the intra-observer evaluation in the global TMAD (CV 4.44) 
was slightly higher than the GLS (CV 3.74). TMAD was not influenced by cardiac 
rhythm and could be acquired more rapidly than GLS.  
Conclusions - Tissue motion annular displacement is a rapid and reproducible 
method for the assessment of left ventricle longitudinal function in healthy dogs. 
However, more studies are needed to validate the real clinical applicability of TMAD 
in animals with heart diseases. 
 
Key words: echocardiography; Speckle tracking; longitudinal contractility; strain 
imaging; left ventricle. 
 
List of Abbreviations  
AP4  Apical 4-chamber 
AP2   Apical 2-chamber 
BSA Body surface area 
BW  Body weight 
EF Ejection fraction 
FS  Fractional shortening 
GLS  Global longitudinal strain 
HR Heart rate 




MAM Mitral annulus motion 
ROI  Region of interest 
SBP  Systolic blood pressure 
TMAD  Tissue Motion Annular Displacement 
 
INTRODUCTION 
Left ventricular systolic function may be evaluated by measurement of several 
parameters in conventional echocardiography [1]. However, measurements such as 
the fractional shortening (FS) and ejection fraction (EF) obtained by M-mode 
specifically evaluate the circumferential myocardial fibers. It is thought that ventricular 
contraction is mainly driven by the circumferential myocardial fibers [2,3], but 
longitudinal fibers also play a relevant role in systole [4,5]. Interestingly, Jones et al 
[6] reported that the longitudinal myocardial fibers are the first to be impaired in 
systolic dysfunction. In dogs, standard echocardiography provides information on 
systolic function using parameters that are known to be affected by volume overload, 
as well as being highly influenced by the operator's experience and image quality 
[7,8]. Thus evaluation of longitudinal fibers may assist in echocardiographic 
assessment of systolic function. 
In addition to the conventional assessment of systolic function by standard 
echocardiography, several echocardiographic techniques are used to evaluate the 
longitudinal systolic function in dogs. The difference of the mitral annular 
displacement in systole and diastole obtained by M-mode in the septal and lateral 
parts of the mitral annulus corresponds to the mitral annulus motion (MAM), a 
technique that provides information on long axis’ systolic function [9]. Also, the 




contraction which can be acquired by the ratio between MAM and left ventricular 
internal dimension at end -diastole obtained from the apical 4-chamber view [10]. 
Other techniques obtained by speckle tracking, such as longitudinal strain and strain 
rate, have also been investigated in dogs and evaluate the percentage of myocardial 
deformation and the velocity of such deformation [11-14]. 
Recent studies in man have shown that Tissue Motion Annular Displacement 
(TMAD) is a rapid technique that is less dependent on high definition imaging and 
significant operator experience when compared to measurement of ejection fraction 
[15,16]. Moreover, TMAD provides information on systolic function encompassing 
longitudinal fibers by the degree of displacement of the annulus towards the apex. 
Tissue Motion Annular Displacement of the mitral valve is obtained from the definition 
of 3 regions of interest (ROIs): two in the mitral annulus and one at the apex of the 
left ventricle and provides information of longitudinal systolic function based on the 
distance of the excursion of the points of the mitral annulus toward the cardiac apex 
during systole [15,17].  
At least in people, TMAD is believed to allow the early diagnosis of systolic 
dysfunction because individuals with early systolic impairment may have a preserved 
ejection fraction when evaluated with conventional echocardiography although the 
TMAD may already be reduced [15]. Because a compensatory increase in 
circumferential shortening can maintain normal systolic indices despite the 
decreased longitudinal systolic function, a multidirectional myocardial evaluation 
might be rewarding for diagnostic purposes [15,18-19]. Interestingly, although other 
techniques that evaluate the distance of mitral annular displacement during systole 
have already been studied, to the author’s knowledge the Speckle Tracking TMAD 




The purposes of this study were three-fold: (1) to evaluate the longitudinal 
systolic function in healthy dogs by TMAD; (2) to investigate whether a correlation 
exists between TMAD and either the Global Longitudinal Strain (GLS) or other 
systolic function parameters derived from conventional echocardiography; and (3) to 
determine if TMAD is influenced by age, sex, body weight, heart rate or cardiac 
rhythm. 
 
MATERIALS AND METHODS 
Animals 
The cross-sectional observational study included 153 client-owned healthy 
dogs of various breeds and ages enrolled prospectively between October 2016 and 
April 2017 at the cardiology section of a veterinary teaching facility. All dogs 
underwent a thorough physical examination, blood pressure assessment, 
electrocardiography and echocardiography. Systolic blood pressure (SBP) was 
measured indirectly in all dogs by trained observers (MW, SBL) using the Doppler 
technique, as described elsewhere [20]. Several measurements were taken over 5 to 
10 minutes to obtain an average of 5 values of stable measurements. Also, a 3-
minute computer-based electrocardiograma was recorded immediately prior to 
echocardiography in all animals. 
Hypertensive animals (defined as systolic arterial blood pressure >150 
mmHg), as well as dogs with non-sinus arrhythmias, acquired or congenital heart 
diseases, and cardiac neoplasms were excluded from this investigation. All 
procedures were previously approved by the Institutional Animal Use Committee 
(protocol 072-2016), and complied with the National Institutes of Health Guide for the 





The echocardiographic examinationb was performed in all animals without 
sedation, with the dogs positioned in left and right lateral recumbency in accordance 
with the recommendations of the Echocardiography Committee of the Specialty of 
Cardiology of the American College of Veterinary Internal Medicine [21]. All 
echocardiographic examinations and measurements were performed by the same 
operator (MW), and included FS and EF (calculated by the Teichholz formula) 
obtained by M-mode from right parasternal short axis images. Two-dimensional short 
axis images obtained from the right parasternal window were used to calculate the 
left atrium-to-aorta ratio (LA:Ao). From the left apical 5-chamber view, pulsed wave 
Doppler between the transmitral flow and the aortic flow was used to record the 
isovolumic relaxation time. Left apical 4-chamber view was used to record peak early 
(E) and late (A) diastolic mitral inflow velocities and the E/A ratio. Tissue Doppler was 
used to measure the mitral annular early diastolic (E´), late diastolic (A´) velocity, and 
E´/A´ ratio. Also, the aortic valve closure time (R to AV closure) was documented 
from the apical 5-chamber image (left ventricular outflow), and corresponded to the 
time from the beginning of the QRS complex to the end of the aortic valve spectra, 
which was obtained with the pulsed Doppler gate positioned distal to the aortic 
valves. That time, in milliseconds, was required for obtaining both the peak systolic 
Longitudinal Strain (LSt) and TMAD. 
 Longitudinal Strain 
 During transthoracic echocardiographic examination, two-dimensional apical 
4- (AP4) and 2-chamber (AP2) images (Fig 1) were obtained for at least 5 cardiac 
cycles from the left parasternal window. The echocardiographic equipment softwarec 




corrections were made only a few times when the automatic tracking of the software 
was obviously incorrect. The LSt was determined in the apical 4- and 2-chamber 
views as a percentage (%) of left ventricle myocardial deformation in a heartbeat. 
The GLS was calculated as follows: 
   GLS = (LSt AP4 + LSt AP2)/2 
Tissue Motion Annular Displacement  
The TMAD was calculated in both the 4- and 2-chamber apical 
echocardiographic images (Fig 1) obtained from the left parasternal window using a 
two-dimensional strain-based tissue tracking technique. Two ROIs were defined: at 
the origin of the mitral valve leaflets at the septal and lateral parts for the apical 4-
chamber view or at the anterior and inferior parts of the mitral annulus for the apical 
2-chamber view. The third ROI was set at the epicardial region of the apex of the left 
ventricle. After setting the ROIs, tracking was performed automatically by the 
equipment software. 
 The degree of motion was automatically calculated as the base-to-apex 
displacement of both annulus (in mm), the midpoint, that is determined virtually 
between the two ROIs of the mitral annulus (in mm), and a percentage value (%) of 
the midpoint in relation to the total length of the left ventricle. The global TMAD was 
calculated in four different ways: global TMAD (mm) is the mean of the midpoint 
value, global TMAD (%) is the mean of the percentage value of midpoint in the AP4 
and AP2 chambers view, TMAD (mm/m²) is global TMAD (mm) index to body surface 
area (BSA) and the cube root BW-indexed TMAD (mm/kg) as previously described 
[22]. Indexing by body surface area was performed according to the following 
formula: 




K = constant (10.1 for dogs) 
 
Intra- and interobserver variability and time requirements 
For the repeatability study, 20 animals were randomly reassessed of 
previously obtained images with a minimum interval of 30 days from the first 
evaluation by the same observer to calculate the intra-observer variability. The same 
studies were examined by a co-investigator (MGS), who was blinded to the results of 
the first investigation, in order to measure interobserver variability. The required time 
for offline analyses (without image acquisition time) for both strain imaging and 
TMAD was documented from another 20 studies. 
Statistical Analysis 
 The normality of the data was investigated using the Shapiro-Wilk test. Since 
the data was non-parametric, the results are presented as the median (interquartile 
range). For TMAD and LSt analyses, dogs were divided into body weight quartiles, 
which were compared with the Kruskal-Wallis test, followed by the post-hoc Dunns 
test. The same test was used to investigate differences in TMAD in accordance with 
cardiac rhythm, while the comparison between results obtained for males and 
females was obtained with the Mann-Whitney test. Mann-Whitney test was also used 
to compare the time (in seconds) for off-line analyses of GLS and TMAD.  
Spearman´s test was used to investigate correlations with ages, SBP, and heart rate 
(HR) obtained from ECG recordings immediately prior to the echocardiographic 
examination, as well as to correlate TMAD, LSt and the regular echocardiographic 
data. Also, coefficients of variation were calculated to assess intra- and inter-








 A total of 153 dogs were recruited for this study. The population included 
small- to large-sized dogs, including Australian cattle dog, Chowchow, Cocker, 
Boxer, Golden retriever, Siberian husky, Great dane, Collie, Chihuahua, Maltese, 
Pekingese, Samoyed (n= 1 each), Beagle (n=20), Border collie (n=2), French bulldog 
(n=8), Dachshund (n=4), Doberman Pinscher (n=2), Jack Russell terrier (n=2), 
Labrador retriever (n=6), Lhasa apso (n=9), German Shepherd (n=7), Malinois 
Shepherd (n=2), Miniature Pinscher (n=2), American pit bull terrier (n=2), Poodle 
(n=4), Pug (n=2), Rottweiler (n=3), Schnauzer (n=8), Shih tzu (n=2), Whippet (n=3), 
Yorkshire (n=6) and crossbreed dogs (n=47). Fifty-five dogs (35.9%) were male, and 
98 (64.1%) were female. The animals were between 4 and 192 months of age (mean 
54.3; median 36), while body weight ranged from 1.7 to 50 kilograms (mean 15.4; 
median 11.6). The most observed cardiac rhythm was sinus arrhythmia (52.3%) 
followed by sinus rhythm (41.2%) and sinus tachycardia (6.5%).  
 Both TMAD and LSt varied in accordance with the size of the animals. 
Differences were documented when body weight (BW) quartiles were compared and 
the proposal of the values for each quartile is represented on table 1. Our results 
show a negative correlation between BW and GLS, which contrasts with the greater 
displacement of the mitral annulus (in mm) in heavier dogs (Table 1, Fig. 2). 
However, when the LSt was compared with either the indexed TMAD or the TMAD%, 




There were no correlation between the BSA-indexed TMAD (mm/m²) with 
regard to sex, SBP, and HR. However, the cube root BW-indexed TMAD (mm/kg) 
was significantly correlated with HR (R: -0.173; P: 0.033) while GLS was not (R: -
0.0426 P: 0.6009). Global TMAD (%), BSA-TMAD (mm/m²) and the cube root BW-
TMAD correlated significantly with several echocardiographic surrogates of volume, 
contractility and diastolic function, while the GLS correlated with FS, EF and 
isovolumetric relaxation time (Table 2).  
Global longitudinal strain was influenced by cardiac rhythm (P: 0.02) whereas 
global TMAD was not (P: 0.37). Animals with sinus arrhythmia (median GLS 23.3 
(20.8-25.3)) had higher GLS values than animals with sinus tachycardia (20.7 (19.4-
23.2)) and sinus rhythm (21.3 (18.5-25)). Also, TMAD was shown to be a 
straightforward technique as compared to LSt. When the time needed to perform the 
offline analyses of either technique was compared, the median time for TMAD was 
less than the required time for strain analyses in both AP4 (TMAD:19.7s; LSt:43.5s) 
and AP2 (TMAD:18.9s; LST:40.1s) images. 
Inter- and intra-observer repeatability analyses showed good coefficients. 
TMAD demonstrated either a reliability in both intra- (CV 4.44) and inter-observer 
(CV 4.12) analyses. The coefficients of variation of the TMAD were slightly higher 
than the LSt in the inter- and intra-observer evaluation, except for the comparison of 
the inter-observer, in which the GLS (CV 5.2) was higher than the TMAD (CV 4.12). 
 
DISCUSSION 
In this study, TMAD was compared with conventional echocardiography and 
GLS for the assessment of left ventricle longitudinal systolic function. Conventional 




circumferential myocardial fibers. Echocardiographic parameters obtained by M-
mode are commonly used to provide cardiac function information, but the data 
obtained by this technique show little correlation when compared to invasive 
methods, especially in dogs with heart disease [1]. In contrast, in conventional 
echocardiography, the longitudinal myocardial fibers are poorly evaluated [6]. 
The contraction of the longitudinal fibers promotes shortening of the left 
ventricle in the longitudinal direction and consequently the mitral annulus moves 
towards the apex [6]. Some techniques performed with conventional 
echocardiography can be used to evaluate the longitudinal systolic function as well, 
such as the longitudinal shortening fraction and the MAM [9,10]. Speckle tracking 
echocardiography is becoming available for general veterinary practice and several 
studies have used it to evaluate longitudinal systolic function in healthy dogs [11-14], 
dogs with mitral valve disease [23-25], induced-cardiomyopathy [26], patent ductus 
arteriosus [27] and hyperadrenocorticism [28], but none of these studies used TMAD 
as an evaluation technique, at least to our knowledge.  
Tissue motion annular displacement is a tracking technique that provides 
information on systolic function, from the degree of longitudinal deformation of the 
mitral annulus [17], not previously investigated in dogs. Thus, TMAD and GLS are 
rapid techniques for assessment of longitudinal function, complementing the 
information obtained from the regular echocardiographic procedure [15,17,23]. 
Global longitudinal strain is the sum of myocardial deformations in the 
longitudinal plane during systole [29] and provides accurate and angle-independent 
measurements when compared with magnetic resonance imaging [30].  Previous 
studies have determined GLS in healthy dogs [11,13,26]. The GLS recorded by 




were obtained, which is probably related to the greater BW variability of our 
population. Nonetheless, when we compared our results obtained in dogs with the 
same BW (21 to 35 kg), our GLS is similar (18.5%) to that reported by Kusunose et 
al. Interestingly, the results of this study are in agreement with another study which 
included a more heterogeneous population, in terms of weight and size [11].  
Studies show that GLS has a strong correlation with TMAD (mm) in healthy 
people [18], in people with hypertrophic cardiomyopathy [31] and in individuals 
undergoing hemodialysis [32]. In this study, a negative correlation existed between 
GLS and TMAD (mm), probably attributable to the negative relationship between 
strain and BW. This fact might be explained by the physiological behavior of systolic 
function in dogs, with decreased systolic indices in large dogs [33]. While heavier 
animals have lower myocardial deformation [33-34], their larger heart size results in a 
greater absolute mitral displacement towards the apex [9]. Because the population of 
this study was heterogeneous, and a representative number of large dogs were 
enrolled. This fact also explains the disagreement with the medical literature, since 
heart size is relatively constant in adult human beings in contrast to the variations 
seen between dog breeds. Therefore the proposal values of TMAD are divided in 
quartiles of body weight, as shown in table 1. 
To minimize the effect of BW, GLS was then compared with the global 
TMAD% and indexed TMAD (mm/m² and mm/kg, the least being derived from the 
cube root body weight). In all cases, positive correlations were found to exist. 
Therefore, despite higher values in mm, the percentage of annular displacement is 
lower in larger dogs. Similar results were found by Schober and Fuentes [9] with the 
MAM technique. A positive correlation of MAM (in cm) with body weight was 




was demonstrated. Although our study showed that BW plays a major role in TMAD 
and LSt, another study found no differences in the LSt between Beagle and Cavalier 
King Charles Spaniel [23]. These contrasting results are explained by the minimal 
variation in BW in that comparison, which did not include large dogs. 
Significant correlations were documented between the global TMAD (mm), 
HR, and SBP. However, when the BSA-index TMAD was used, none of these 
parameters influenced TMAD. This is an interesting observation, probably 
attributable to the fact that small dogs are usually more nervous and often have an 
associated elevation in HR and SBP than larger dogs. Indexing TMAD to body 
surface area removed this bias. A study in dogs with mitral valve disease showed 
that HR affected strain rate values [23] possibly due to the compensatory 
mechanisms in response to disease, which were eliminated in this study as only 
healthy animals were evaluated. The same effect occurs for systemic arterial blood 
pressure. Although the increase in afterload was shown to produce lower strain 
values [35], no hypertensive dogs were included in this study. 
Interestingly, TMAD was not affected by heart rhythm, whereas LSt was higher 
in animals with sinus arrhythmia. Due to the high numbers of dogs with sinus 
arrhythmia, this result might represent another benefit of TMAD over LSt in clinical 
practice. 
In this study, a moderate correlation was shown between either GLS or global 
TMAD (mm, %, mm/m² and mm/kg) and left ventricular internal dimension at end -
sistole and diastole (P <0,001), which indicate they are preload- and afterload-
dependent surrogates. Other studies have demonstrated that the increase of preload 




in animals with volume and pressure overload might characterize the behavior of 
TMAD in these circumstances. 
The weak correlations between the systolic indices obtained from standard 
echocardiography and either the GLS or the indexed-TMAD (%, mm/m² or mm/kg) 
observed in this study are likely to be related to both EF or FS being surrogates of 
the radial myocardial shortening. Since both are obtained from the left-ventricular 
internal diameter measured in short-axis images, they do not effectively reflect the 
longitudinal contraction as observed by LSt and TMAD [11,18]. Similar results were 
obtained in people undergoing hemodialysis [32] and individuals with structural heart 
disease, probably due to the fact the TMAD is a technique with lower error bias, less 
dependent on image quality than EF [18,31]. 
In this study, a negative correlation between age and global TMAD was 
observed. In people, a physiological decrease in longitudinal contractility has been 
shown with age progression[36], but this has not been validated for dogs. The best 
way to validate this data in dogs would be a prospective evaluation of the same 
animal with advancing age [11]. 
Previous studies have shown that TMAD in people and LSt in people and dogs 
have a low inter- and intra-observer variability [15,18,23,28,31-32]. In this study, 
there was a good repeatability between duplicate measurements of TMAD, probably 
by the fact that TMAD does not require a good definition of endocardial borders 
[15,17,18,32]. This may be particularly important in patients with pulmonary edema, 
dyspnea and in situations in which a good echocardiographic images may be difficult 
to acquire. 
A study in patients undergoing hemodialysis demonstrated that TMAD cannot 




[32]. In contrast, GLS allows the early detection of longitudinal systolic dysfunction in 
patients with acute myocardial infarction with preserved EF evaluated by magnetic 
resonance imaging [37]. Future studies in dogs may show the prognostic capacity of 
TMAD and the GLS in various heart diseases.  
The results of this study also showed that TMAD is a more rapid technique 
when compared with LSt [17,18]. Tsang et al.[16] evaluated 118 human patients and 
found that all TMAD analyses were concluded in less than 10 seconds. In this study, 
the median time needed to complete TMAD was less than 20 seconds, while LSt 
required a median of approximately 45 seconds. In a single dog the time required to 
complete TMAD AP2 analysis was significantly longer (116.3 sec). However, in that 
case, unusually the definition of the lateral mitral annulus was of low quality and 
several manual corrections were necessary to allow the software to track the point 
towards the cardiac apex in an appropriate fashion. Of note, the TMAD technique 
itself does not impact on the overall exam time, since the analytical procedure is 
performed offline. The only exception to the conventional examination is acquiring 
the apical 2-chamber image, which may be done without difficulties. Subsequently, 
the analyzes performed offline take approximately 20 seconds each to be performed, 
being therefore a plausible technique to be included in routine examinations. 
Some limitations of this study must be considered. The animals were 
considered healthy based on clinical evaluation, echocardiogram, electrocardiogram 
and blood pressure measurement. However, we cannot exclude the possibility of 
asymptomatic comorbidities that were not identified by specific ancillary 
examinations. Systemic blood pressure was obtained by a non-invasive method that 
is not considered the gold standard. The number and variability of animals may be 




TMAD and GLS with the systolic surrogates obtained by conventional 
echocardiography, which are influenced by several factors. Therefore, the absence of 
a gold standard noninvasive technique for comparison is a limitation to be 
considered. 
In conclusion, global TMAD (%, mm/m² and mm/kg) shows positive correlation 
with GLS and with several echocardiographic parameters of systolic function. Also, 
TMAD allowed the assessment of longitudinal systolic function in a very 
straightforward fashion, and with a reliable intra- and inter-observer repeatability. It is, 
therefore, a new and promising tool in veterinary cardiology as an alternative to GLS 
for assessment of longitudinal systolic function. However, further studies are 




a - TEB - Tecnologia Eletrônica Brasileira, São Paulo, Brazil. 
b - Philips Affiniti 50 ultrasound system equipped with 2-4 and 3-8 MHz phased-array 
transducers. 
c - QLAB Software - automatic cardiac motion quantification (aCMQ).  
d - Graphpad Prism® (v.5.0). 
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TABLES AND FIGURES 
Table 1 - Comparison of TMAD and longitudinal strain in accordance with body 
weight in dogs.  
 Body Weight (quartiles) P  1.70 - 8.55 kg 8.56 – 11.60 kg 11.61– 21.55 kg 21.56 – 50.0 kg 
(n) 38 40 37 38  Age (years) 3.0 (1.0-7.0) 1.4 (1.4-7.2) 3 (1.9 - 7.0) 4.0 (1.9 - 9.0) 0.3194 
      
TMAD (mm)      

















































































      




























TMAD, tissue motion annular displacement; AP4, apical 4-chamber ; AP2, apical 2-chamber; MV1, 
point of septal mitral annulus; MV2, point of lateral mitral annulus; PM, midpoint; GLS: global 
longitudinal strain; kg, kilograms; (n), number of animals in quartile.  
Data are expressed as median (interquartile range). Values with different superscripted letters indicate 




Table 2 - Correlation between global BSA-indexed TMAD (mm/m²), global TMAD 
(%), cube root BW global TMAD or the GLS (%) with data obtained by conventional 
echocardiography. 
 Global TMAD 
(mm/m²) 
Global TMAD (%) Cube root BW global 
TMAD (mm/kg) 
GLS (%) 
 P R P R P R P R 
FS 0.0003 0.2876 0.0158 0.1948 0.0651 0.1500 0.0014 0.2555 
EF <0.0001 0.3497 0.0078 0.2144 0.0399 0.1669 <0.0001 0.3103 
LA/Ao 0.4635 0.0599 0.0157 0.1950 0.0631 0.1511 0.3383 0.0779 
Emitral 0.9876 0.0013 0.8475 0.0158 0.0312 0.1760 0.2715 -0.0900 
E/Amitral 0.6308 0.0395 0.1537 0.1167 0.0150 0.1983 0.4852 0.0572 
IVRT 0.0004 -0.285 0.0785 -0.143 0.0017 -0.253 0.0050 -0.2264 
TMAD, tissue motion annular displacement; BW: body weight; GLS, global longitudinal strain; FS, 
fractional shortening;  EF, ejection fraction; E, peak early diastolic mitral inflow velocity;  A, late 









Figure 1 - Longitudinal Strain is determined by the software in 4-chamber (A) and 2- 
chamber (B) images. The mean of both results represents the global longitudinal 
strain (GLS). Tissue motion annular displacement is automatically determined by the 
software. However, the operator needs to identify three points: medial and lateral 
mitral annulus and left ventricular epicardial apex in both 4-chamber (C) and 2-





Figure 2 - Median and individual values of global TMAD (mm) (A) and GLS (%) (B) 
obtained in dogs subdivided according to body weight. 
 






Figure 3 - Correlation between global TMAD and GLS. A negative correlation (R:-
0.2552; P:0.0015) existed when GLS was compared with the global TMAD (mm) (A). 
Positive correlations were found when comparing GLS and global TMAD (%) 
(R:0.5898; P<0.0001) (B), GLS and global BSA-TMAD (mm/m²) (R:0.7153; 





CHAPTER 2 - Assessment of Longitudinal Systolic Function Using Tissue 
Motion Annular Displacement and Global Longitudinal Strain in Dogs with 
Mitral Valve Disease 
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Abstract  
Introduction: Although mitral valve disease (MVD) is an essentially valve disorder, the 
myocardium undergoes structural changes with the progression of the disease, that 
may compromise left ventricular systolic function. Longitudinal systolic function, 
poorly explored in conventional echocardiography, may be affected before 
circumferential function. Tissue motion annular displacement (TMAD) is a speckle 
tracking technique that evaluates the function of longitudinal fibers by displacing the 
mitral annulus towards the apex during systole, which has never been studied in 
dogs with MVD. 
Animals: One hundred twenty-six dogs with MVD of varying severity and forty six 
healthy dogs.  
Methods: Prospective study. One hundred twenty-six client-owned dogs with MVD of 
various stages and forty six healthy dogs as control group underwent physical 




well as a standard and speckle tracking echocardiography. Global longitudinal strain 
(GLS) and TMAD were used to assessment the longitudinal systolic function. These 
parameters were compared with the conventional echocardiography in the various 
stages of MVD, in order to evaluate the use of TMAD as a diagnostic method and the 
behavior of longitudinal function with the progression of MVD. 
Results: The global TMAD values were higher in the animals in stage B2 and in the 
symptomatic group, while GLS were higher in B2 group. GLS, global TMAD% and 
global TMAD mm/m² were correlated with several parameters of conventional 
echocardiography, such as ejection fraction and fractional shortening. GLS was 
influenced by gender (P: 0.04) and SBP (P: 0.02; R: -0.17). Curiously, global TMAD 
mm/m² (P: 0.002; R: 0.234) and global TMAD% (P: 0.007; R: 0.205) presented a 
weak correlation with age. TMAD is a faster technique to perform than GLS (P: 
0.0007) and presents good intra- and inter-observer repeatability in dogs with MVD. 
Conclusions: An evident impairment in longitudinal systolic function was not 
observed in this study by GLS and TMAD. TMAD is repeatable and rapid technique 
for evaluation of longitudinal systolic function in dogs with MVD. 
 
Key words: speckle tracking, longitudinal contractility, endocardiosis, left ventricle, 
echocardiography. 
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EF Ejection fraction 
FS  Fractional shortening 
GLS  Global longitudinal strain 
HF Heart failure 
ISACHC International Small Animal Cardiac Health Council 
IVRT Isovolumic relaxation time  
LA:Ao Left atrium-to-aorta ratio 
LSt   Longitudinal strain 
LV Left ventricle 
MAM Mitral annulus motion 
ROI  Region of interest 
SBP  Systolic blood pressure 
STE Speckle tracking echocardiography 
TMAD  Tissue motion annular displacement 
 
INTRODUCTION 
The assessment of left ventricle (LV) performance depends on intrinsic cardiac 
pump factors and myocardial fiber function [1]. The heart is composed of fibers 
oriented longitudinally and circumferentially. In the canine myocardium, the 
circumferential myocardial fibers are expressed in greater quantity than the 
longitudinal, with a ratio of approximately 1:10 [2] and are considered the main 
responsible for ventricular systole [3]. However, longitudinal fibers, which are located 
mainly in the subepicardial and subendocardial layers, play a fundamental role in 
systolic efficiency [4,5]. The function of these fibers is thought to be extremely 




 Mitral valve disease (MVD) is recognized as the main acquired heart disease 
in dogs [7]. Although it is a primarily valve disease [8], with its progression the 
myocardium undergoes contractile and cellular damages [9] resulting in areas of 
fibrosis and arterial narrowing [10] that may culminate with impairment of systolic 
function in more advanced stages [11].  
Some studies have demonstrated that longitudinal fibers may be the first to be 
impaired in the development of systolic dysfunction, prior to the circumferential fibers 
[5,12-13]. A study that used speckle tracking echocardiography (STE) showed that in 
more advanced stages of the MVD the longitudinal myocardial deformation is smaller 
whereas radial strain is similar to that of healthy dogs [14].  
In standard echocardiography, the main parameters that provide information 
on systolic function are obtained from short axis images [15], and consequently 
reflect the function of the circumferential fibers. This exclusive evaluation of the 
transverse shortening compromises an early diagnosis of systolic dysfunction, since 
circumferential fibers can optimize their function thereby masking a longitudinal deficit 
and maintaining the normal values when only evaluated from the short axis [5]. In 
addition, these parameters are highly influenced by load changes [16] and poorly 
correlated with values obtained by invasive methods of volume assessment in dogs 
with heart disease [15]. Therefore, chronic volume overload and other hemodynamic 
changes compromise the use of these conventional variables for the evaluation of 
systolic function in MVD [17]. 
For an adequate assessment of ventricular function in MVD, multidirectional 
myocardial evaluation [17], using techniques that also evaluate the longitudinal 
systolic function are necessary [13]. During systole, contraction of the longitudinal 




ventricle [18]. This displacement can be evaluated by M mode, with the technique 
called mitral annulus motion (MAM). Animals with MVD have lower MAM% values 
than healthy animals, pointing to contractile deficit of longitudinal fibers in this 
disease [19]. 
In addition to MAM, other techniques with good correlation with invasive 
methods can be used, such as techniques that study myocardial deformation by STE 
[20,21]. Studies with healthy dogs and dogs with MVD using the longitudinal strain 
(LSt) and Strain rate, which evaluate the deformation and velocity of the myocardial 
deformation respectively, also show the existence of changes in longitudinal 
deformation during the course of MVD [17,22]. 
Tissue motion annular displacement is a STE-based technique that studies the 
displacement of the mitral annulus toward the ventricular apex during systole, and 
consequently provides information on the longitudinal fibers’ systolic function [23,24] 
with good correlation with gold-standard methods, such as MRI [25]. TMAD is an 
easy and quick technique that has good repeatability and requires little operator 
experience. This technique has shown to be a good and practical method of 
evaluating the longitudinal systolic function in healthy humans as well as in people 
with several cardiac diseases [23,26-27]. 
Our research group previously studied TMAD in healthy dogs in an 
unpublished study. This technique showed correlation with global longitudinal strain 
(GLS) and several echocardiographic parameters. However, to the best of our 
knowledge, no study was performed using TMAD in dogs with mitral valve disease so 
far. Therefore, the aims of this prospective study were three-fold: (1) to evaluate the 
longitudinal systolic function in dogs with various stages of mitral valve disease; (2) to 




parameters of systolic function; (3) to investigate whether there longitudinal 
parameters are influenced by age, gender, cardiac rhythm and systolic blood 
pressure (SBP) in dogs with MVD. 
 
MATERIALS AND METHODS 
Animals 
This observational cross-sectional study included 172 client-owned dogs of 
various breeds and ages, being 126 dogs with MVD and 46 healthy dogs (control 
group) enrolled prospectively at the cardiology section of a veterinary teaching 
hospital. 
The animals assigned to the control group had no history of cardiovascular 
disorders and were absolutely normal on the physical examination, 
electrocardiography and echocardiography. In contrast, several echocardiographic 
findings such as thickening and/or prolapse of the valvular leaflets and valvular 
insufficiency were considered to diagnose MVD. Patients with MVD were further 
divided into three groups: asymptomatic animals with no cardiac enlargement (stage 
B1; n=42); subclinical MVD and cardiac remodeling (LA:Ao ≥1.6) (stage B2; n=38); 
and dogs with overt heart failure (HF) (either stage C or D; n=46).  
In addition to echocardiography, all dogs underwent a thorough physical 
examination, SBP assessment and electrocardiography. Systolic blood pressure was 
obtained non-invasivally (vascular Doppler) and the final result was considered as 
the average of at least five measurements performed by trained observers (MW, 
SBL, VBCS) as previously recommended [28]. Also, at least a computer-based 
electrocardiographya was recorded for at least three minutes immediately prior to 




The exclusion criteria of this study included a systolic arterial blood pressure 
>150 mmHg; any cardiac rhythm of non-sinus origin; another acquired or congenital 
cardiovascular disease and cardiac neoplasms. The use of medications for cardiac 
treatment was allowed whenever necessary. All owners gave a formal consent prior 
to the animal being enrolled into the investigation. Also, the study was conducted in 
accordance with the National Institutes of Health Guide for the Care and Use of 
Laboratory Animals and all procedures were previously approved by the Institutional 
Animal Use Committee (protocol 072-2016). 
 
Conventional echocardiography 
The echocardiography was performed using a Phillips Affinit 50b with 
continuous ECG monitoring. A single experienced operator (MW) was responsible for 
imaging acquisition and measurements. During the exam, the unsedated dogs were 
positioned in left and right lateral recumbency, in accordance with the 
recommendations of the Echocardiography Committee of the Specialty of Cardiology 
of the American College of Veterinary Internal Medicine [29]. 
Using M-mode and short axis images obtained from the right parasternal 
window, we documented the left ventricular internal diameter at end-diastole (LVIDd) 
and at end-systole (LVIDs), fractional shortening (FS) and ejection fraction (EF), the 
latter being calculated by the Teichholz formula. The left atrium-to-aorta ratio (LA/Ao) 
was calculated from two-dimensional short axis images.  
Apical 4-chamber images were used to obtain the mitral early (Emitral) and late 
(Amitral) diastolic peak velocities, while apical 5-chamber images were required for 
obtaining the isovolumic relaxation time. These parameters allowed the calculation of 




recorded to obtain the aortic valve closure time (R to AV closure), which 
corresponded to the time (in milliseconds) from the beginning of the QRS complex to 
the end of the aortic flow spectral envelope. That time was required to determine the 
peak systolic in STE analyses (LSt and TMAD). 
Finally, the tissue Doppler sample gate was used on the septal region of the 
mitral annulus to determine early diastolic (E´), late diastolic (A´) velocity, and E´/A´ 
ratio.  
 
Left ventricle longitudinal systolic function 
Longitudinal Strain 
 At least five cardiac cycles of the apical 4- (AP4) and 2- (AP2) chamber views 
were recorded for subsequent off-line evaluations of STE. The equipment softwarec 
automatically detected the left ventricular myocardium to be screened and divided 
the ventricle in seven segments.  For each individual image, the strain was 
considered as the average of the deformation of these seven segments. In some 
cases the software was not able to track the myocardium correctly, which required 
manual corrections. The LSt was determined as a percentage (%) of left ventricle 
myocardial deformation in a heartbeat and the GLS was calculated as the mean of 
LSt obtained in both AP4 and AP2 images (Fig. 1 A and B). 
 
Tissue Motion Annular Displacement  
Similar to strain, TMAD was calculated automatically by software using 
Speckle Tracking in both AP4 and AP2 images. TMAD is based on the degree of 
displacement of the mitral annulus towards the cardiac apex during systole. For this 




them in the mitral annulus (AP4 chamber: lateral and septal region; AP2 chamber: 
anterior and posterior region of the mitral annulus) while the third one is the 
epicardial region of the left ventricular apex (Fig. 1 C and D). 
 Once the ROIs are determined by the operator, the software tracks the 
displacement of the first and second ROI (in mm) towards the third ROI. A midpoint 
between the two mitral ROIs is automatically created and its displacement towards 
the apex is documented in mm and as a percentage (%) of the total length of the left 
ventricle.  
 Global TMAD was calculated in three different ways: global TMAD (mm) is 
the average of the midpoint value obtained in AP4 and AP2 images; global TMAD 
(%) is the average of the percentage value of midpoint in the AP4 and AP2 chamber 
images; and the global TMAD (mm/m²) is global TMAD (mm) indexed to the patient’s 
body surface area (BSA), according to the following formula: 
BSA = K × (body weight in grams2/3) × 10-4 
K = constant (10.1 for dogs) 
 
Intra- and interobserver variability study and time requirement 
To assess the repeatability of the STE analysis, 20 animals in different stages 
of MVD which had been studied at least 30 days before were randomly selected for 
reevaluation by the first investigator (MW) to provide the intraobserver variability. In 
order to evaluate interobserver variability, the same 20 dogs were examined by a co-
investigator (SBL), who was blinded to the results of the first investigation. The 
required time for offline analyses (without image acquisition time) for LSt and TMAD 






 The statistical analysis was performed with the software R in the free 
distribution version i386 3.4.1 that can be found at: www.r-project.org. Firstly, a 
descriptive analysis was performed with the objective of visualizing aspects of the 
data contained in this study. The normality of the data was evaluated by the Shapiro-
Wilk test. The Kruskal-Wallis test was used to compare the execution time of the 
techniques and to investigate differences in global TMAD and GLS in accordance 
with cardiac rhythm. The same test was used to search for differences between 
disease stages concerning the parameters of conventional echocardiography, age, 
body weight, heart rate, as well TMAD and GLS values. Following, the Dunn test 
was performed to identify these differences between the groups and the Chi-square 
test for identify whether any association existed with gender and cardiac rhythm. The 
correlations between the echocardiographic variables were evaluated by the 
Spearman test. The degrees of sensitivity and specificity of GLS and global TMAD to 
differentiate control group from dogs with MVD, control group from dogs with 
asymptomatic MVD, control group from symptomatic group, dogs with asymptomatic 
MVD from symptomatic group and dogs without cardiac remodeling from animals 
with cardiac remodeling were assessed with ROC curves. Finally, kappa was 
calculated to evaluate intra- and inter-observer repeatability. A value of P <0.05 was 
considered significant.  
 
RESULTS 
A total of 172 animals were enrolled in this study, of which 46 were healthy 
dogs ascribed to the control group. The remaining 126 dogs were diagnosed with 




was represented by 42 dogs, whereas 38 were in stage B2. The groups of animals 
with overt signs of heart failure had 46 dogs (stage C: 38 dogs; stage D: 8 dogs) [7]. 
Although crossbred animals were the majority of the studied population, 
several breeds were also represented. The control group was composed by Mixed 
breed dogs (n=13), Lhasa Apso (n=7), Miniature Schnauzer (n=7), Beagles (n=5), 
Dachshund (n=4), Poodle (n=2), Yorkshire Terrier (n=2), English Cocker Spaniel, 
French Bulldog, Border Collie, Pekingese, Pug and Shi-Tzu (n=1 each). The MVD 
groups were represented by Mixed breed dogs (n=39), Poodle (n=23), Lhasa Apso 
(n=15), Dachshund (n= 13), Miniature Pinscher (n=9), Shi-tzu (n=6), Maltese (n=5), 
Beagle (n=3), Yorkshire Terrier (n=3), Bichon Frisé (n=2), Miniature Schnauzer 
(n=2), Brazilian Terrier, English Cocker Spaniel, German Shepherd, Jack Russell 
Terrier, Pomeranian and Pug (n=1 each). The distribution of age, gender, body 
weight and basic echocardiographic data of each group are shown in table 1. 
Sinus arrhythmia was the predominant cardiac rhythm of the control group 
(58.7%), ACVIM B1 (76.2%) and ACVIM B2 (71%) groups. In the symptomatic group, 
the predominant rhythm was sinus rhythm (39.13%) followed by sinus arrhythmia 
(32.3%) and sinus tachycardia (28.26%). Forty-three dogs with MVD had 
postcapillary pulmonary hypertension (gradient of tricuspid regurgitation>35 mmHg). 
Global TMAD mm/m² (P<0.0001; R:0.5580) and global TMAD% (P<0.0001; 
R:0.5182) correlated with GLS (Fig. 2) and other echocardiographic surrogates of 
systolic function, such as EF and FS. The animals of the symptomatic group have a 
LA/Ao, E mitral, EF and FS higher than other groups. The comparisons between 
groups of the other echocardiographic parameters are shown in table 1.  
Our results show that the values of global TMAD are higher in stage B2 




dogs in stage B1, while GLS was higher in stage B2 (Table 2). There was no 
significant difference in gender between groups (P:0.85), but there was a difference 
in cardiac rhythm (P<0.0005). The medians for GLS and TMAD values in each group 
are represented by gender in figure 3. 
Global TMAD mm (P:0.85), global TMAD mm/m² (P:0.49), global TMAD% 
(P:0.41) and GLS (P:0.59) were not influenced by cardiac rhythm. GLS demonstrated 
a gender (P:0.04) and SBP (P:0.02; R:-0.17) influence, while the global TMAD mm 
(P:0.39), global TMAD% (P:0.09) and global TMAD mm/m² (P:0.15) did not. Males 
had lower GLS values than females (Fig. 3). Interestingly, in this study we found a 
weak positive correlation between age and both global TMAD mm/m² (P:0.002; 
R:0.234) and global TMAD% (P:0.007; R:0.205).  
GLS and TMAD demonstrated good repeatability in inter- (Kappa´s value 
0.623 for GLS and 0.45 for TMAD) and intra-observer analyses (Kappa´s value 0.677 
for GLS and 0.6 for TMAD). However, both techniques demonstrated low sensitivity 
and specificity to differentiate control group from dogs with MVD, control group from 
dogs with asymptomatic MVD, control group from symptomatic group, dogs with 
asymptomatic MVD from symptomatic group and dogs without cardiac remodeling 
from animals with cardiac remodeling (Table 4; Fig. 4). TMAD was found to be a 
faster technique to be performed as compared to LSt in both AP4 (P:0.0007) and 
AP2 images (P:0.0019). The median processing time for TMAD was 16.5 seconds in 
the AP4 and 18.4 seconds in the AP2 view, while for LSt we needed 37.3 and 33.1 






In this study we sought to compare TMAD with the GLS and standard 
echocardiography data in dogs with MVD with the aim of evaluating LV systolic 
function. The global myocardial performance is directly associated to the function of 
the heart pump and loading conditions [30]. The parameters routinely used to 
evaluate LV function are known to be affected by both preload and afterload changes 
[17], which compromises their use in dogs with MVD. Therefore, new functional 
surrogates are warranted [26], including those intended for the evaluation of 
longitudinal function, which can provide early data on systolic dysfunction [13]. 
Left ventricular longitudinal function has already been evaluated in dogs with 
MVD by techniques that evaluate the excursion of the mitral annulus towards the 
cardiac apex during systole using M-mode echocardiography [19,31] and with more 
elaborate techniques based on STE, such as strain and strain rate [22,32-33] . 
TMAD is a speckle tracking technique that evaluates the displacement of the 
mitral annulus towards the ventricular apex. This technique has a good correlation 
with EF [34] and GLS in people, besides being quickly executed and requiring less 
image quality and operator experience than GLS and EF. Echocardiographic images 
of low quality allow a complete analysis of TMAD in more patients than the strain 
analyses [24,26], which might be an advantage in dogs with pulmonary edema and 
dyspnea. 
TMAD has been studied in healthy children [25], children cancer survivors 
[35], healthy adults [26] and people with various heart diseases [22,26,36,37]. This 
technique was shown to be an early surrogate for systolic dysfunction in heart 
diseases [26]. LSt is another STE-based technique that provides information on the 




considered more accurate to document systolic deficit than conventional 
echocardiography [14,38] in addition to being repeatable and reproducible in dogs 
[39]. 
The median LSt values found by Suzuki et al. (2013) [22] were 20% for dogs 
with asymptomatic valve disease, 23% for patients with mild to moderate HF and 
24% for animals with advanced HF. Zois et al. (2012) [32] found a mean LSt of 
21.8% for animals of various breeds with overt HF signs, 22.5% for asymptomatic 
Cavalier King Charles Spaniel with moderate to severe mitral regurgitation and 
approximately 18% for healthy Beagles or Cavaliers with minimal valve regurgitation. 
Similar values were found in this study, with a median of approximately 23% for the 
both the control and stage B1 groups, 26% for stage B2 animals and 24.9% in dogs 
already presenting signs of HF (Table 2). In contrast, Mantovani et al. (2015) [33] 
found slightly lower values. In his study, the animals in stages B1 and B2 had an 
endomyocardial LSt of approximately 18% while in stage C dogs LSt was 15%. 
These differences might be justified by differences in the study population. 
Chetboul and Tisser (2012) [14] found that strain values have a wide variety in 
dogs with heart failure, suggesting that systolic changes also depend on individual 
factors and not only on the HF category. This finding could be a justication why some 
studies found larger longitudinal deformations [32], smaller [22] and some 
documented no difference at all [33] as MVD progresses. Significantly decreased LV 
function before the onset of clinical signs of HF was not detected in our study, since 
the animals in the symptomatic group had global TMAD values higher than controls 
and B1 dogs, as well as similar values stage B2 animals (Table 2). This curious 
finding is in agreement with studies that point to clinical signs of MVD not being 




In this investigation, we observed higher values of GLS and global TMAD 
(mm, mm/m² and %) in stage B2 dogs (Table 2), as previously documented by Zois 
et al. (2012), whose study showed an augmentation in LV function in animals with 
moderate to severe MVD [32]. According to their study, Cavalier King Charles 
Spaniel with moderate to severe mitral regurgitation had an increased LSt as 
compared to healthy dogs and/or those with only minimal regurgitation. In people 
with structural heart disease, studies have shown an association between TMAD and 
HF class, as well as with the serum concentration of natriuretic peptides [26]. 
The activation of compensatory mechanisms and water retention [40] results 
in a progressive volume overload and promotes an increase in overall cardiac 
function and sympathetic tonus, which eventually result in a hyperdynamic LV 
[11,14,17,22]. Such increase in myocardial fiber distension explains the higher EF, 
FS, global TMAD and GLS values found in B2 and C/D dogs.  
Studies have shown that myocardial strain increase in response to volume 
overload and high heart rate, and decrease with an augmented afterload [41,42], 
explaining the negative correlation found in our study between GLS and SBP (P:0.02; 
R:-0.17) and LVIDs (P:0.0001; R:-0.28). This is also a reasonable explanation for the 
increase in strain values in MVD animals, in which a decrease in afterload occurs in 
conjunction with an increase in preload [32]. 
 Some investigations showed that animals with MVD had a smaller longitudinal 
deformation when compared to healthy animals [17,19]. Interestingly, a study 
evaluating myocardial strain in 74 dogs with MVD showed no difference in the radial 
strain, but the LSt values were lower in the animals with ISACHC  class 3 compared 




to a deficit in the longitudinal function before any impairment in radial function 
becomes apparent in animals with MVD [14]. 
Some studies did not find differences in LSt among healthy animals and dogs 
with stage B1, B2 and C MVD [33]. Suzuki et al. (2013) demonstrated that animals in 
ISACHC class II and III had larger circumferential strain values than class I and 
control animals in spite of the similarity in LSt between groups. Similar finding were 
observed by Tidholm et al. (2009), who found no differences in TDI-derived strain 
between animals with and without signs of CHF secondary to MVD [43]. These 
results contrast with ours, but may be justified by the individual variation of each 
animal in response to valve disease [14] and also by the fact that some studies 
excluded animals receiving pimobendan therapy [22,33]. Also, we must consider that 
our symptomatic group included only eight dogs refractory to the standard therapy 
(stage D MVD). Some studies report longitudinal systolic dysfunction mainly in the 
more advanced stages of the disease [14]. Therefore, we speculate that if more 
animals in the terminal stage of MVD had been enrolled, some degree of longitudinal 
systolic dysfunction might have been detected.  
This study showed a higher GLS value in dogs in stage B2 compared to 
healthy dogs and dogs in stage B1. However, the symptomatic dogs had a GLS 
similar to the controls, B1 and B2 dogs. In the symptomatic stage of the MVD, 
volume overload generates a greater stretch of the myocardial fibers and higher 
values of GLS and TMAD would be expected as a compensatory response. 
However, the equalization of the values in group B2 and in animals with HF, in 
addition to a slightly lower GLS median in this group, might indicate an onset of 




In this study, we observed that the global TMAD% and global TMAD mm/m² 
correlated with both longitudinal (GLS) and radial systolic function (EF and FS) in 
dogs with MVD (Table 3). This is in agreement with other studies in healthy people, 
people with structural heart disease [26], hypertrophic cardiomyopathy [36] and 
individuals undergoing hemodialysis [37]. In contrast, the global TMAD mm showed 
no correlation with GLS and EF, and only a very weak correlation with FS. The global 
TMAD mm is the mean of the midpoint displacement in mm. The use of global TMAD 
mm is less acceptable than the global TMAD% and global TMAD mm/m², mainly 
because it is dependent on body weight. Although MVD mainly affects small dogs [7], 
the use of global TMAD mm may face limitations because of the wide variety in dogs´ 
size and consequently heart size. 
In a yet unpublished study conducted by our research group with a 
heterogeneous group of healthy dogs, we observed that heavier dogs had larger 
global TMAD mm values, but when TMAD was indexed by the body surface area or 
by the LV length, the mitral annular displacement was smaller than in the smaller 
animals. This information may also justify the strong correlation between global 
TMAD mm and LVIDd. 
FE and FS obtained from M mode measurements correspond to an one-
dimensional evaluation of the myocardium. Therefore, those parameters are highly 
influenced by changes in preload and afterload [14,17,45], which compromise their 
use for evaluation of systolic function in dogs with MVD. Our study is in agreement 
with others which documented higher FS and EF in animals with MVD [11]. 
Interestingly, previous studies did not find correlation between FS and LSt, but a 
positive correlation could be identified with the radial strain. FS obtained from the 




correlations found in our study between GLS and both FS and EF. In contrast, 
studies have shown that TMAD is correlated with EF obtained by 3D 
echocardiography [26], magnetic resonance imaging [25] and the Simpson method 
[37]. In children, TMAD midpoint displacement had a high correlation with the EF 
obtained by magnetic resonance imaging and a poor correlation with the EF obtained 
by M-mode [25], which is usually calculated by the Teichholz equation. Besides 
overestimating LV volume [44], that ignores the increase in ventricular sphericity that 
occurs during the course of the disease [45], which makes it imprecise for the 
volumetric assessment of dogs with cardiac remodeling [14,17]. 
The progressive increase in preload results in an increase in LVIDd that is 
proportional to ventricular remodeling and volume overload in MVD [46]. The 
increase in LV filling pressure is one of the cornerstones of the development of HF 
and may be assessed indirectly by echocardiography as an increase in mitral E wave 
velocity, a decrease in IVRT [48,49] and consequently an increase in the E/IVRT 
ratio [49]. The correlation observed between GLS with both LVIDd  and LVIDs  in our 
study point to its preload and afterload dependency, such as previously indicated by 
Zois et al. (2012) [32] and Weidmann et al (2002) [41]. In contrast, global TMAD% 
and global TMAD mm/m² did not correlate with LVIDd, which might suggest they are 
less preload-dependent than GLS and surrogates obtained from the standard 
echocardiogram. However, we found a correlation between both GLS and global 
TMAD with mitral E wave peak velocity and E/IVRT ratio, which suggests that both 
parameters are influenced by ventricular filling and loading conditions. 
A positive correlation between global TMAD, GLS and LA/Ao was found in this 




and speculated that a morphodynamic change occurs in LV with the progression of 
the disease [32].  
A deficit in longitudinal function was already observed in human beings with 
advancing age [50]. Curiously, in this study only a weak positive correlation between 
age and global TMAD mm/m² and global TMAD% was found. On the other hand, 
GLS was not influenced by age, which is in agreement with other studies in dogs 
[39,51]. 
In people, aging generates a difference in the amount and cellular morphology 
of cardiac myocytes of women and men. By mechanisms not yet fully clarified, 
women’s have the most preserved myocardium and no loss of cells when compared 
to men’s [52]. Although this has not yet been validated for dogs, in this study we 
observed higher GLS values in females than males. Nonetheless, the female 
population (n=103) included in our study was higher than the male population (n=69) 
and the gender did not play a role in the global TMAD. 
The results of this study showed that the repeatability and reproducibility of 
GLS and TMAD measurements in dogs with MVD are adequate for routine clinical 
use, because the kappa coefficient (>0.6) demonstrated a substantial agreement to 
GLS and a moderate agreement to TMAD (>0.4) in the intra- and inter- observer 
analysis. Other studies have demonstrated that TMAD in humans [23,26,36,37] and 
strain in people and dogs [26,32,37,51] also have a low intra- and inter-observer 
variability.  
Concerning time to perform the analyses, this study is in agreement with 
others that indicated that TMAD is a faster technique to be performed than LSt 
[26,27]. Studies required less than 10 to 15 seconds to obtain TMAD [24,26]. Similar 




seconds in the AP4 and 18.4 seconds in the AP2, while some TMAD analyses 
required less than 10 seconds to be performed. 
In this study, neither GLS nor TMAD not attain an acceptable sensitivity and 
specificity to differentiate the control group from dogs with MVD, control group from 
dogs with asymptomatic MVD, control group from symptomatic group, dogs with 
asymptomatic MVD from symptomatic group and dogs without cardiac remodeling 
from animals with cardiac remodeling, which is similar to findings of a medical study 
[37]. In contrast, Buss et al. (2012) [26] demonstrated that using a cut-off of 14.2%, 
TMAD had a good sensitivity (92.1%) and specificity (95.7%) for detecting patients 
with structural heart disease. Also, TMAD obtained in the first week of hospitalization 
in patients with septic heart disease was shown to be related to mortality and time of 
hospitalization [53], while a good ability to detect systolic impairment in patients with 
myocardial infarction and preserved EF was found for GLS [54].  
There are some limitations in this study that need to be considered. We can 
not rule out the influence played by medication on cardiac parameters assessed by 
echocardiography. These medications could affect myocardial performance and 
cardiovascular loading conditions. For example, some animals received pimobendan, 
which has a recognized positive inotropic effect that may have interfered with our 
results. Also, ancillary exams to rule out any systemic disease, i.e. infectious 
diseases, which may affect systolic function, were not included in the screening 
assessment of the patients unless their clinical conditions required that. Since the 
study had a cross-sectional design, no patient was reassessed for deterioration of 
myocardial function along the progression of MVD. Forty-three dogs with 
postcapillary pulmonary hypertension were not excluded from this investigation. 




[55] and affect some outcomes. The absence of comparison with a gold standard is 
also a limitation to be considered. Future studies, maybe with a larger population of 
dogs refractory to the standard therapy or with myocardial diseases may provide 
more information about TMAD as a prognostic and diagnostic evaluator and better 
elucidate the behavior of these variables in dogs in terminal stage of MVD.  
In conclusion, no impairment was observed in longitudinal systolic function 
assessed by TMAD and GLS in dogs with various stages of MVD. TMAD is a fast 
technique with good repeatability and applicable in the routine for the evaluation of 
longitudinal function in dogs with MVD. GLS was influenced by gender and SBP, 
while TMAD was influenced by age. Both techniques showed correlation with several 
echocardiographic surrogates of systolic function, ventricular filling and cardiac 
remodelling, and were influenced by changes in preload and afterload. Future studies 
may clarify the behavior of both TMAD and GLS in the terminal stages of MVD and in 
dogs with others cardiac diseases.  
 
Footnotes 
a - TEB - Tecnologia Eletrônica Brasileira, São Paulo, Brazil. 
b - Philips Affiniti 50 ultrasound system equipped with 2-4, 3-8 and 4-12 MHz phased-
array transducers. 
c - QLAB Software - automatic cardiac motion quantification (aCMQ).  
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TABLES AND FIGURES 
Table  1 - Comparison of echocardiographic data, age, body weight and heart rate 
between healthy dogs (control group) and dogs in the various stages of mitral valve 
disease (B1, B2 and symptomatic). 
  Controls  Stage B1 Stage B2 Symptomatic 
Stages C/D 
(n) 46 42 38 46 
Gender (F/M) 27/19 24/18 22/16 30/16 








































































































Kg, kilograms; (n), number of animals in quartile; EF, ejection fraction; FS, fractional shortening; HR, 
heart rate; F, female; M, male; IVRT, isovolumic relaxation time; Emitral, early diastolic mitral inflow 
velocity; LA/Ao, left atrium-to-aorta ratio; LVIDd, left ventricular internal diameter at end-diastole; LVIDs, 
left ventricular internal diameter at end-systole. Data are expressed as median (interquartile range). 




Table  2 - Comparison of STE data between healthy dogs (control group) and dogs 
in the various stages of mitral valve disease (B1, B2 and symptomatic). 
  Controls  Stage B1 Stage B2 Symptomatic 
Stages C/D 
(n) 46 42 38 46 


































GLS, global longitudinal strain; TMAD, tissue motion annular displacement; STE, speckle tracking 
echocardiography. Data are expressed as median (interquartile range). Values with different 




Table  3 - Correlations between GLS, global TMAD mm, global TMAD% and global 
TMAD mm/m² with the variables of conventional echocardiography, heart rate and 
blood pressure. 
 
Global TMAD mm  Global TMAD %   Global TMAD mm/m² 
 
GLS 
 P R P R P R   P R 
SBP 0.41 -0.063 0.681 -0.031 0.136 -0.1140 0.02 -0.17 
HR 0.647 -0.035 0.0657 0.14 0.05 0.1471 0.5126 0.05 
LA/Ao <0.0001 0.39 <0.000001 0.46 <0.000001 0.4794 0.001 0.236 
 LVIDd <0.000001 0.56 0.107 0.12 0.612 -0.0390 0.0006 -0.568 
LVIDs 0.0025 0.35 0.5 -0.04 0.007 -0.2026 0.0001 -0.286 
EF 0.19 0.09 0.0004 0.26 0.009 0.2927 0.022 0.174 
FS 0.05 0.14 0.00034 0.003 0.00016 0.2830 0.049 0.139 
Emitral <0.000001 0.53 <0.000001 0.436 <0.000001 0.4300 0.01 0.182 
Emitral/Amitral 0.0006 0.37 0.147 0.11 0.09 0.1285 0.306 0.079 
E´/A´ 0.03 0.16 0.844 -0.015 0.5 -0.0518 0.47 0.056 
IVRT 0.046 -0.15 0.03 -0.16 0.0006 -0.2573 0.04 -0.15 
Emitral/IVRT <0.000001 0.44 0.0003 0.37 0.00003 0.4052 0.18 0.189 
TMAD, tissue motion annular displacement; GLS, global longitudinal strain; EF, ejection fraction; FS, 
fractional shortening; HR, heart rate; IVRT, isovolumic relaxation time; E, early diastolic mitral inflow 
velocity; LA/Ao, left atrium-to-aorta ratio; LVIDd, left ventricular internal diameter at end-diastole; LVIDs, 





Table  4 - Cut-off values and best combinations of sensitivity, specificity and 
accuracy to differentiate: (A) control group from dogs with MVD (ACVIM B1, B2 and 
symptomatic group); (B) control group from dogs with asymptomatic MVD (ACVIM B1 
and B2 groups); (C) control group from symptomatic group; (D) dogs with 
asymptomatic MVD (ACVIM B1 and B2 groups) from symptomatic group and (E) 
dogs without cardiac remodeling (ACVIM B1) from animals with cardiac remodeling 
(ACVIM B2 and symptomatic group). 
 Variable  Cut-offs Sensibility Specificity Acuracy 
 GLS (%) 15.45 0.5397 0.5853 0.6267 
A Global TMAD (mm) 3.00 0.5280 0.5463 0.5829 
 
Global TMAD (%) 7.95 0.5580 0.6324 0.6951 
 
Global TMAD (mm/m2) 8.44 0.5629 0.5463 0.7136 
B 
GLS (%) 21.60 0.5513 0.5664 0.6189 
Global TMAD (mm) 3.65 0.5144 0.4930 0.5179 
Global TMAD (%) 14.00 0.5695 0.5942 0.6688 
 Global TMAD (mm/m
2) 14.42 0.5647 0.5907 0.6556 
C 
GLS (%) 25.90 0.5809 0.5578 0.6404 
Global TMAD (mm) 6.95 0.6087 0.5788 0.6959 
Global TMAD (%) 15.60 0.6680 0.6461 0.7410 
Global TMAD (mm/m2) 17.79 0.6313 0.6044 0.8145 
D 
GLS (%) 31.15 0.5116 0.4920 0.5057 
Global TMAD (mm) 8.25 0.5926 0.5365 0.6334 
Global TMAD (%) 19.55 0.5634 0.5195 0.5875 
Global TMAD (mm/m2) 20.38 0.6122 0.5518 0.6644 
E 
GLS (%) 20.95 0.5421 0.5588 0.6145 
Global TMAD (mm) 5.65 0.5989 0.6698 0.5625 
Global TMAD (%) 14.15 0.5989 0.6696 0.5592 
Global TMAD (mm/m2) 14.31 0.5864 0.6489 0.5799 







Figure 1 - Longitudinal strain is a result of myocardial tracking performed by the 
software, providing the percentage of deformation in AP4 (A) and AP2 (B) chambers 
view. Tissue motion annular displacement (TMAD) is also automatically detected by 
the software after the operator identifies the three regions of interest (ROIs) 









Figure 2 - Correlation between GLS and global TMAD mm (A), global TMAD% (B) e 
global TMAD mm/m² (C). There is no correlation between GLS and global TMAD 
(mm) (P:0.33) and moderate positive correlations were observed from GLS with 
global TMAD (%) (P:<0.00001; R:0.51) and global TMAD (mm/m²) (P:<0.00001; 
R:0.558). 
  






Figure 3 - Boxplots representing the values of GLS (A), global TMAD mm (B), global 
TMAD % (C) and global TMAD (mm/m²) in healthy dogs (control group) and in dogs 










Figure 4 -  ROC curves demonstrating sensitivity and specificity of  GLS (A),  global 
TMAD mm (B), global TMAD% (C) and global TMAD mm/m² (D) in differentiating the 
control group and the animals with MVD (B1, B2 and symptomatic); and the GLS (E), 
global TMAD mm (F), global TMAD% (G) and global TMAD mm/m² (H) in 







Tissue motion annular displacement (TMAD) is a technique performed with no 
difficulties which can be added to the routine examination to evaluate the longitudinal 
systolic function of healthy dogs and dogs with mitral valve disease. This technique 
demonstrated a correlation with the Global Longitudinal Strain (GLS) and several 
parameters of systolic function obtained by conventional echocardiography in healthy 
dogs and in dogs with mitral valve disease. Both TMAD and GLS presented good 
repeatability in inter- and intra-observer evaluation. In this study, dogs with mitral 
valve disease had no impairment in longitudinal systolic function, as demonstrated by 
the higher TMAD and GLS documented in dogs with remodeled hearts as compared 
to both the healthy dogs and those without cardiac remodeling. TMAD is a less time-
consuming technique that may be an alternative to GLS whenever longitudinal 










Anexo 2. Ofício do Comitê de Ética do Setor de Ciências Agrárias da UFPR 






  Médica veterinária formada pela Pontifícia Universidade Católica de Minas 
Gerais - campus Poços de Caldas no ano de 2013. Realizou aprimoramento 
profissional na área de clínica médica de pequenos animais na Faculdade de 
Jaguariúna (2015). Cursou aperfeiçoamento em cardiologia veterinária na 
FUNEP/UNESP Jaboticabal (2014) e especialização em Cardiologia Veterinária pela 
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